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ABSTRACT
We run N-body smoothed particle hydrodynamics (SPH) simulations of a Milky Way
sized galaxy. The code takes into account hydrodynamics, self-gravity, star formation,
supernova and stellar wind feedback, radiative cooling and metal enrichment. The
simulated galaxy is a barred-spiral galaxy consisting of a stellar and gas disc, enveloped
in a static dark matter halo. Similar to what is found in our pure N-body simulation of
a non-barred galaxy in Grand et al. (2012), we find that the spiral arms are transient
features whose pattern speeds decrease with radius, in such a way that the pattern
speed is similar to the rotation of star particles. Compared to the non-barred case, we
find that the spiral arm pattern speed is slightly faster than the rotation speed of star
particles: the bar appears to boost the pattern speed ahead of the rotational velocity.
We trace particle motion around the spiral arms at different radii, and demonstrate
that there are star particles that are drawn towards and join the arm from behind (in
front of) the arm and migrate toward the outer (inner) regions of the disc until the
arm disappears as a result of their transient nature. We see this migration over the
entire radial range analysed, which is a consequence of the spiral arm rotating at similar
speeds to star particles at all radii, which is inconsistent with the prediction of classical
density wave theory. The bar does not prevent this systematic radial migration, which
is shown to largely preserve circular orbits. We also demonstrate that there is no
significant offset of different star forming tracers across the spiral arm, which is also
inconsistent with the prediction of classical density wave theory.
Key words: galaxies: evolution - galaxies: kinematics and dynamics - galaxies: spiral
- galaxies: structure
1 INTRODUCTION
The most well known theory of spiral arm structure is the
so-called spiral density wave theory, which describes the spi-
ral arms as quasi-stationary density waves (Lindblad 1960;
Lin & Shu 1964) that rotate with the same pattern speed
at every radius. The spiral arm can therefore be described
by a wave function. To describe the spiral arm with a wave
function is beneficial because it is then possible to extract
analytic solutions of quantities such as the dispersion rela-
tion by use of Euler’s equations of motion. For these so-
lutions, the tight winding approximation is made, which
require very tight spirals whose pitch angles remain con-
stant (see Athanassoula 1984 and references therein). Spiral
galaxies have been discussed in the context of global den-
sity wave patterns (e.g. Amaral & Lepine 1997; Yano et al.
2002; Antoja et al. 2011; Le´pine et al. 2011). While some
studies (Donner & Thomasson 1994) argue the existence of
∗ rjg2@mssl.ucl.ac.uk
long-lived patterns in their simulations, the long-lived clas-
sic spiral density structure has never been reproduced self-
consistently, and in all numerical simulations, the spiral arm
is seen to be a transient structure (Sellwood 2011).
The transient property exhibited by simulated spiral
arms has stimulated the emergence of new discussion of
spiral arm evolution. A recent suggestion includes mul-
tiple wave modes of different pattern speeds that create
the transient nature of spiral arms by constructively and
destructively interfering with one another, thereby ensur-
ing the growth and decay of the stellar density enhance-
ment (e.g. Sellwood & Kahn 1991 Masset & Tagger 1997;
Minchev & Quillen 2006; Rosˇkar et al. 2011; Quillen et al.
2011).
Another possible explanation of the transient nature is
the co-rotating spiral arm. Here, the spiral arm is considered
to be rotating with the material at every radius. Naturally,
the transient property of the arm is manifested by the wind-
ing, which propagates to breaks and bifurcations of the spiral
arm. Such breaks in the spiral arm structure were found in
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Wada et al. (2011) and Grand et al. (2012), who performed
high resolution N-body smoothed particle hydrodynamics
(SPH) simulations (and in the latter case, pure N-body sim-
ulations) of an isolated spiral galaxy. They show that the
pattern speed of the spiral arms decreases with radius, such
that it follows the circular velocity of star particles.
The co-rotating spiral arm is found to have signifi-
cant consequences on the radial migration of star parti-
cles. Grand et al. (2012) demonstrated a new type of sys-
tematic motion of star particles close to the spiral arm
in their simulation, that leads to large, efficient radial mi-
gration of star particles all along the arm as opposed to
the currently considered case of a single co-rotation radius
(Lynden-Bell & Kalnajs 1972; Sellwood & Binney 2002).
The star particles were shown to join the arm from both
sides. Star particles behind (in front of) the arm were ac-
celerated (decelerated) continually because the similar ro-
tation speeds of the star particles and spiral arm allowed
the migrating star particles to stay very close to the density
enhancement of the spiral arm. This mechanism is respon-
sible for the steady gain/loss of angular momentum of the
migrating star particles, whereby the star particle is allowed
to find a new equilibrium in a higher/lower energy circu-
lar orbit, without scattering kinematically. The star parti-
cles never crossed the arm as they migrated, and stopped
migrating when the high amplitude of the density enhance-
ment disappeared owing to the transient nature of the arms.
Because this simulation was an N-body simulation of a pure
stellar disc with no bar or bulge, the only factor that could
be responsible for the observed motion was the spiral arm
features.
Complementary to numerical simulations, observa-
tional tests of the pattern speed have been made by
Speights & Westpfahl (2011), who use the solutions to the
Tremaine-Weinberg equations (Tremaine & Weinberg 1984)
to perform a statistical analysis on NGC 1365, and find
the best solution to be a pattern speed that decreases as
1/r (see also Merrifield et al. 2005; Merrifield et al. 2006;
Meidt et al. 2008; Meidt et al. 2009). Another test is the
presence of (or lack of) a clear offset between different star
forming tracers across a spiral arm. In the context of density
waves, star particles should flow through the spiral arm (ev-
erywhere except at a co-rotation radius) if the pattern speed
is constant. As gas flows into the spiral arm from behind the
arm inside co-rotation and from in front of the arm outside
co-rotation, it is compressed into molecular clouds. Stars
are born from molecular clouds and age as they continue
to flow relative to the arm, leaving a clear trail of stellar
evolution (star forming tracers) from one side of the arm to
the other. This has recently been tested for NGC 4321 by
Ferreras et al. (2012), who find no apparent offset between
Hα and UV sources. Foyle et al. (2011) also find no offset
in twelve nearby spiral galaxies by observing the star form-
ing tracers HI and CO, 24µm emission and UV emission
to trace atomic gas, molecular gas, enshrouded stars and
young stars respectively. Both studies are evidence against
long-lived spiral arms.
In this study, our aim is to build upon our previous
study (Grand et al. 2012) that focused on N-body dynamics
in a pure stellar disc, and extend this research on the spiral
arm pattern speed and star particle dynamics in high res-
olution N-body/SPH simulations of a barred spiral galaxy.
This will enable us to study the spiral arm and its effects
in a more realistic context, and to determine whether or
not the presence of gas, star formation and a bar produces
any significant effect on particle motion that may be distin-
guished from those seen in the pure N-body simulation. In
comparison to Grand et al. (2012), we present a more robust
method for determining the apparent pattern speed of the
spiral arm, and attention is given to the energy evolution of
particles that undergo radial migration at many radii. Ad-
ditionally, we show the distribution of young star particles
of different ages to check for offsets in different star forming
tracers. Although the analysis could be extended to the bar
region, this paper focuses on the spiral arm. Hence we leave
the analysis of the structure and evolution of bars to future
studies.
In Section 2, a description of the SPH code is given be-
fore the model set up and the chosen initial parameters are
outlined. In Section 3 we present the results of our analysis,
compare them with previous studies and discuss their im-
plications. In Section 4 we summarise the significance of the
results and remark upon the value of the simulations and
future work.
2 METHOD AND MODEL SETUP
2.1 GCD+ code
In our simulation, we use an updated version of the original
galactic chemodynamical evolution code, GCD+, developed
by Kawata & Gibson (2003). A detailed description of the
code is seen in Rahimi & Kawata (2012). Here we give a brief
outline. GCD+ is a three-dimensional tree N-body/SPH
code (Gingold & Monaghan 1977; Lucy 1977; Barnes & Hut
1986; Hernquist & Katz 1989; Katz et al. 1996) that incor-
porates self-gravity, hydrodynamics, radiative cooling, star
formation, supernova feedback and metal enrichment. This
latest version of GCD+ takes into account metal diffusion
as suggested by Greif et al. (2009). The scheme follows that
of Rosswog & Price (2007): we use their artificial viscos-
ity switch (Morris 1997) and artificial thermal conductiv-
ity to resolve Kelvin-Helmholtz instabilities (Kawata et al.
2009). Further adaptations include those of adaptive soften-
ing (Price & Monaghan 2007) and an individual time step
limiter (Saitoh et al. 2008) in order to correctly resolve par-
ticle response to shock layers ploughing through material
from supernova and wind blown bubbles (e.g. Merlin et al.
2010; Durier & Dalla Vecchia 2011).
Radiative cooling and heating is calculated with
CLOUDY (v08.00: Ferland et al. 1998). UV background ra-
diation is also taken into account (Haardt & Madau 1996).
Our star formation formula corresponds to the Schmidt law.
We set a threshold density for star formation, nth, which
means that star formation will occur for any region that
exceeds this density and the velocity field is convergent.
We assume that stars are distributed according to
the Salpeter (1955) initial mass function (IMF). Chem-
ical enrichment by both Type II (Woosley & Weaver
1995) and Type Ia supernovae (Iwamoto et al. 1999;
Kobayashi et al. 2000) and mass loss from intermediate-
mass stars (van den Hoek & Groenewegen 1997) are taken
into account. The new version of GCD+ uses a dif-
ferent scheme for star formation and feedback (see
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Figure 1. The rotational velocity at t = 0 (solid black line), at
t= 1.034 (dot-dashed blue line) and t = 1.393 Gyr (dashed red
line).
Rahimi & Kawata 2012). We now keep the mass of the
baryon (gas and star) particles completely the same, unlike
our old version (Kawata & Gibson 2003) or the majority of
SPH simulations which include star formation.
The main parameters that govern star formation and
supernova feedback (Rahimi & Kawata 2012) are set as fol-
lows: the star formation density threshold, nth = 1.0 cm
−3
; star formation efficiency, C∗ = 0.1 ; supernova energy in-
put, ESN = 10
50 erg per supernova; and stellar wind energy
input, ESW = 10
36 erg s−1. Each particle in the simulation
is assigned a unique ID number. This makes it easy to trace
any particle during the evolution of the simulation.
2.2 Simulation Setup
Our simulated galaxy consists of a spherical static dark
matter halo and two live discs: a stellar disc and a gas
disc. The dark matter halo density profile follows that of
Navarro et al. (1997):
ρdm =
3H20
8piG
(1 + z0)
3 Ω0
Ω(z)
ρc
cx(1 + cx)2
, (1)
where ρc is the characteristic density described by
Navarro et al. (1997), the concentration parameter, c =
r200/rs, and x = r/r200. The scale length is rs, and r200
is the radius inside which the mean density of the dark mat-
ter sphere is equal to 200ρcrit (where ρcrit = 3H
2
0/8piG; the
critical density for closure):
r200 = 1.63×10
−2
(
M200
h−1M⊙
) 1
3
[
Ω0
Ω(z0)
]− 1
3
(1+z0)
−1h−1kpc.
(2)
We assume M200 = 1.5 × 10
12 M⊙, c = 10, Ω0 = 0.266,
z0 = 0 and H0 = 71 km s
−1 Mpc−1.
The stellar disc is assumed to follow an exponential sur-
face density profile:
ρd,∗ =
Md,∗
4pizd,∗Rd,∗
sech2
(
z
zd,∗
)
exp
(
−
R
Rd,∗
)
, (3)
where the disc mass, Md,∗ = 5× 10
10 M⊙, the scale length,
Rd,∗ = 2.5 kpc and the scale height zd,∗ = 0.35 kpc, which
is constant over the disc. The velocity dispersion for each
three dimensional position of the disc is computed following
Springel et al. (2005) to construct the almost equilibrium
initial condition. One free parameter in this method is the
ratio of the radial velocity dispersion to the vertical velocity
dispersion, fR, which relates as fR = σR/σz. We choose
fR = 2 in the simulation shown. The initial circular velocity
curve is shown in Fig. 1 (solid line). The initial rotation
speed at 8 kpc is ∼ 220 km s−1.
The gas disc is set up following the method described
in Springel et al. (2005). The radial surface density pro-
file is assumed to follow an exponential law like the stel-
lar disc. The initial vertical distribution of the gas is itera-
tively calculated to be in hydrostatic equilibrium assuming
the equation of state calculated from our assumed cooling
and heating function. For the gas disc, we set the disc mass,
Md,g = 1× 10
10 M⊙, the scale length, Rd,g = 4.0 kpc.
We use Nd,∗ = 2 × 10
6 and Nd,g = 4 × 10
5 particles
for stars and gas respectively, and therefore the mass of
each particle is 2.5 × 104 M⊙. Fujii et al. (2011) show that
if more than one million particles are used to describe the
disc component, artificial heating that suppresses the spiral
arm formation is not significant. Our simulation uses a total
of 2.4 × 106 particles and therefore is expected to be less
affected by artificial heating. We adopt a softening length
equal to the smoothing length but set the minimum soft-
ening length to 340 pc for gas particles and apply a fixed
softening length of 340 pc for star particles, with the spline
softening suggested by Price & Monaghan (2007). These pa-
rameters of the stellar component are similar to that of the
non-barred spiral galaxy simulated in Grand et al. (2012),
but with a higher disc to halo mass ratio. To induce sponta-
neous bar formation (e.g. Ostriker & Peebles 1973), we have
applied a lower concentration parameter, c = 10, in eq. (1).
3 RESULTS AND DISCUSSION
The simulation set up in Section 2 was evolved for about 2
Gyr. The stellar and gas component is shown at two differ-
ent times in Fig. 2, and we see a prominent bar spiral struc-
ture in both components. The strong bar develops around
t = 1.034, and settles to a smaller bar before t = 1.393 Gyr.
Similar to previous studies described in Section 1, we also
find that the disc develops transient and recurrent spiral
arms. In this paper, we focus our analysis on spiral arms at
an early and late epoch in the evolution of the simulated
galaxy, highlighted in Fig. 2. These times are referred to
as the centre of each epoch throughout the paper. Particu-
lar attention is paid to these spiral arms because they are
prominent arms, which facilitate our analysis and we are
able to extract and more clearly demonstrate the key fea-
tures that we want to identify, namely the pattern speed and
the particle motion around the spiral arm.
The circular velocity at t = 0 and t = 1.034 Gyr (early
epoch) and t = 1.393 Gyr (late epoch) is shown in Fig.
© 2011 RAS, MNRAS 000, 1–??
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Figure 2. Snapshots of the face-on view of the simulated galaxy at t = 1.034 Gyr (left) and t = 1.393 Gyr (right). The left images show
the stellar density map, and the right images show the gas density map. The bar is strong at the earlier time, and becomes smaller at
the later time.
Figure 3. The ratio of velocity dispersions in the radial and z
direction, at t = 0 (solid black line), t= 1.034 (dot-dashed blue
line) and t = 1.393 Gyr (dashed red line) plotted as a function of
radius.
1. The circular velocity in the inner region after t = 0 is
significantly different from the initial circular velocity, ow-
ing to the strong gravitational field created by the devel-
oped bulge. Fig. 3 shows fR as a function of radius at the
same time steps. The value drops with time in the inner
radii (bar region). Outside R ∼ 5 kpc, fR increases slightly
as the disc is heated by strong spiral structure, which in-
creases the velocity dispersion, σR, shown explicitly in Fig.
4. The effect on spiral structure is quantified in Fig. 5,
which shows an increase of Toomre’s instability parame-
ter, Q = σRκ/3.36GΣ∗ , in the spiral region, where κ is the
epicycle frequency and Σ∗ is the surface density of the stel-
lar component. This is contrary to the bar region where Q
is lowered owing to the large surface density excess in the
central region shown in Fig. 6. A bulge that creates this
excess of central density are likely formed through secular
evolution caused by the bar (e.g. Pfenniger & Norman 1990;
Kormendy & Kennicutt 2004 and references therein). The
developed bulge is apparent in Fig. 2.
We present analysis and discussion of two spiral arms at
Figure 4. Radial velocity dispersion computed at t = 0 (solid
black line) t= 1.034 (dot-dashed blue line) and t = 1.393 Gyr
(dashed red line), as a function of radius.
Figure 5. Toomre’s instability parameter, Q, computed at t =
0 (solid black line) t= 1.034 (dot-dashed blue line) and t = 1.393
Gyr (dashed red line), as a function of radius.
© 2011 RAS, MNRAS 000, 1–??
Dynamics of stars in a barred-spiral galaxy 5
Figure 6. Logarithm of the surface density, computed at t = 0
(solid black line) and t= 1.034 (dot-dashed blue line) and t =
1.393 Gyr (dashed red line), as a function of radius.
an early (t ∼ 1.034 Gyr) and a later (t ∼ 1.393 Gyr) epoch
of the galaxy's evolution. This is because the bar is strong at
the early epoch, in contrast with the later epoch when the
bar is comparatively weak. To quantify the bar strength, we
use a gravitational force field method (e.g. Buta & Block
2001; Buta et al. 2005). We first define a circular grid that
covers an azimuth range of 0 to 2pi and a radial range of 1
kpc to 5 kpc. At the centre of each grid point, the radial
and tangential forces are calculated, which are then used to
calculate the ratio:
QT (R, θ) =
|FT (R, θ)|
F¯R(R, θ)
, (4)
where FT (R, θ) is the tangential force at a given grid
point of coordinates (R, θ), and F¯R(R, θ) is the mean ra-
dial force averaged over each azimuth at a given radius
(Combes & Sanders 1981). A maximum, Qb,i, is found in
each quadrant, where quadrants i = 1, 2, 3 and 4 are defined
by setting the major and minor axes of the bar to the x− and
y−axes respectively. The bar strength is then defined as the
average of these four values: Qb =
∑4
i=1
Qb,i/4. At the early
epoch, Qb = 0.27, and at the late epoch, Qb = 0.11. Accord-
ing to the classification scheme outlined in Buta & Block
(2001), these values correspond to a class 3 and class 1 bar
at the early and late epochs respectively.
First we present the analysis and results of the pattern
speeds of the chosen spiral arms. Then we examine the mo-
tion of selected particles around the arm, and present and
discuss an analysis of their angular momentum and energy
evolution. We compute the angular momentum evolution
around both spiral arms, and make a comparison between
each case. We also examine the position of star particles of
different ages in and around the spiral arm, which would
be an observational test for pattern speeds of spiral arms
(Tamburro et al. 2008; Egusa et al. 2009; Foyle et al. 2011;
Ferreras et al. 2012). If the spiral arms rotate with a con-
stant pattern speed, systematic offsets in azimuth between
age populations and the spiral arm as a function of radii are
expected.
It should be noted however, that we also applied simi-
lar analyses to other spiral arms that developed at different
times in this simulation as well as spiral arms in other barred
spiral simulations with different initial configurations of the
disc and dark matter halo. We find that all the spiral arms
we analysed show very similar results to those shown in this
section (see also Kawata et al. 2012).
3.1 Pattern Speed
Here we present a method for calculating the rate at which
the stellar density enhancement rotates as a function of ra-
dius i.e. the pattern speed. The pattern speeds are often
measured by spectrogram analysis (e.g. Quillen et al. 2011).
However, we focus on the angular pattern speed of the ap-
parent spiral feature, and in this paper we refer to this as
the pattern speed. The location of the stellar density peak
is found at a range of radii for a series of snapshots. This
is done by weighting the positional information of particles
close to the arm by their density. First, an azimuth coor-
dinate is chosen close to the peak as an initial guess at a
given radius. Then, a suitable azimuthal range centred on
the initial guess is applied to select the particles covering
the whole spiral arm or bar. From the selected particles at
a given radius, we calculate:
θsp(r) =
∑N
i
ρiθi(r)∑N
i
ρi(r)
. (5)
Here, θi and ρi are the azimuth angle and stellar density
at the position of the i-th star particle. We iteratively find
θsp(r), and narrow the sampling range of θ progressively. In
order to check the reliability of this method and the suitabil-
ity of spiral arms, we show the density contours plotted over
the density map in Fig. 7 and Fig. 9 at the early and late
epoch respectively. The contours show that at some time
steps such as t = 1.026 and t = 1.385 Gyr, the spiral arm of
interest ((R(kpc), θ(deg)) ∼ (5, 50) in both Fig. 7 and 9) has
a well-defined single peak, which is more suitable for tracing
unambiguously. However, at time t = 1.050 Gyr (t = 1.409
Gyr) in Fig. 7 (Fig. 9), the arm develops two peaks at a
radius around 6.5 kpc as it begins to break. Therefore, to
remain robust, the peak tracing method is restricted to those
snapshots where the azimuthal density distribution around
the spiral arm is made of a single peak at each radius. The
bar is unaffected by this caveat, and is traced at many snap-
shots.
The peak density of the spiral arm (5 < R < 10 kpc)
and the bar (1 < R < 3 kpc) is shown in Fig. 8 and Fig.
10 for the early and late epoch respectively. For clarity, an-
chors (marked by crosses) are placed at four radii spread
over the above radial range of the spiral arm. Their posi-
tions are initially selected at t = 1.034 and t = 1.393 Gyr
(early and late epoch respectively) according to the spiral
arm peak line traced at that time step. Their positions at
other time steps are calculated by rotating the anchors with
mean rotational velocity at the radius at which the anchors
are located. The gas maps (right panels of Figs. 8 and 10)
give some indication to how the spiral arm evolves during
© 2011 RAS, MNRAS 000, 1–??
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Figure 7. The density distribution plotted in polar coordinates. Density contours are overplotted in white to identify the highest density
regions. The black line that indicates the position of the spiral arm of interest is omitted in the bottom right panel because the double
peak at R ∼ 6.5 kpc presents ambiguity for the density weighting method at this radius.
Figure 8. Snapshots of the stellar and gas disc from t = 0.978 to t = 1.170 Myr. The blue lines mark out the bar and extend from
1 − 3 kpc. The white lines mark out the position of highest density over the spiral arm found from the method described in the text,
and extend from 5 − 10 kpc. The spiral arm lines are shown at the centre and middle-left panels only, because the spiral arm in all
other snapshots shown here has either not fully formed or displays double peak structures, and could not be fitted well by our method.
Anchors are plotted over the spiral arm, and are rotated from the centre snapshot with the rotational velocity.
© 2011 RAS, MNRAS 000, 1–??
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Figure 9. Same as Fig. 7, but for the late epoch (weak bar case). The black line that highlights the locus of the spiral arm is omitted
in the bottom right panel owing to the double peak structure at R ∼ 6.5 kpc.
Figure 10. Same as Fig. 8, but for the late epoch (weak bar case).
© 2011 RAS, MNRAS 000, 1–??
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Figure 11. The bar and spiral arm pattern speed calculated for
the snapshots shown in Fig. 8. The spiral arm pattern speed (solid
black line) is averaged over several pattern speeds calculated at
different snapshots over the course of the spiral arm’s evolution.
The rotational velocity is also plotted (solid red line). The bar
pattern speed (dashed black line) is found to be ∼ 45 km s−1
kpc−1. The spiral pattern speed exhibits a decreasing trend with
radius that is similar to but slightly faster than the rotational
velocity.
Figure 12. The same as Fig. 11, but got the pattern speed of
the spiral arm of the late epoch when the bar is relatively weak.
the formation stage. For example, in Fig. 10, at t = 1.353
Gyr, there appear to be two gas arms in the outer radii, one
of which is marked by the anchor points. This arm seems
to originate from a previously wound up arm that merges
with another arm to form the spiral arm for which we trace
the peak density at t = 1.393 Gyr. The anchors plotted on
the star and gas maps clearly show that the apparent spi-
ral arm follows a shearing pattern speed close to the mean
rotation of star particles, and helps to define the time of
formation, tf ∼ 0.994 Gyr and destruction, td ∼ 1.170 Gyr
for the early epoch. This gives a lifetime of τ ∼ 180 Myr.
For the late epoch, the formation time, tf ∼ 1.353 Gyr and
Figure 13. The spiral arm pattern speed of the simulated galaxy
presented in Grand et al. (2012) (black line) and the rotational
velocity at the corresponding time (red line). This galaxy has no
bar.
Figure 14. The angular momentum, L, at the beginning of the
late epoch time period (40 Myr before t = 1.393 Gyr) plotted
against the change in angular momentum, ∆L, 80 Myr later. The
smoothed colour map from low number density (dark blue) to
high number density (red) incorporates all disc star particles, and
shows a broad angular momentum range for migration. Selected
positive (filled symbols) and negative (open symbols) extreme
migrators (see text) are highlighted by circle (chosen at a radius
of ∼ 6 kpc), triangle (∼ 7 kpc), square (∼ 8 kpc) and star (∼ 9
kpc) symbols. Units are arbitrary.
destruction time, td ∼ 1.481 Gyr, give a lifetime of τ ∼ 130
Myr.
We calculate the pattern speed at the early epoch, when
the bar is relatively strong. This is shown in Fig. 11, which
appears to be decreasing with radius, but is faster than the
rotational velocity. For comparison with the relatively weak
bar case, we calculate the pattern speed at the late epoch,
which is shown in Fig. 12. The pattern speed appears to be
similar to the mean rotation of star particles in the inner
regions (5 < R < 7 kpc), and is faster in the outer regions
(7 < R < 10 kpc). Aside from the kink at R ∼ 6.5− 7 kpc,
the pattern speed again appears to decrease with the radius.
The flattening at R ∼ 6.5−7 kpc is approximately the same
radius at which a break is observed in the density contours
over plotted in Fig. 9. The pattern speed of this late epoch
© 2011 RAS, MNRAS 000, 1–??
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is slower than the pattern speed of the earlier epoch when
the bar is stronger. This indicates that the bar may boost
the pattern speed somewhat, and cause it to become slightly
faster than rotational velocity. Nevertheless, the anchors in
Fig. 8 show that the spiral arm rotates in a similar way to
the star particles at both epochs.
Further comparison is made with the galaxy presented
in Grand et al. (2012), which has no bar or gas component.
We apply the same peak tracing technique in equation (5),
and find the pattern speed of arms that have suitable sin-
gle peaks. This is plotted in Fig. 13. The calculated pattern
speed follows the same trend as reported in Grand et al.
(2012), i.e. is the same as rotational velocity at all radii,
and therefore the spiral arm co-rotates with the star par-
ticles. Therefore, our simulation shows that the transient,
winding spiral arms occur in barred galaxy simulations (see
also Baba et al. 2009), but the pattern speed appears to
be boosted slightly out of co-rotation by the bar feature.
Furthermore, although there are only three cases studied
here and the differences are relatively small, comparison be-
tween this non-barred case and the two barred cases indi-
cates that the pattern speed becomes faster with increasing
bar strength, which deserves further investigation.
3.2 Radial Migration around the spiral arm
Radial migration at the co-rotation radius has
been predicted to preserve the circular motion of
orbits i.e. not to heat them kinematically (e.g.
Lynden-Bell & Kalnajs 1972; Sellwood & Binney 2002;
Rosˇkar et al. 2008; Sa´nchez-Bla´zquez et al. 2009;
Rosˇkar et al. 2011; Minchev & Famaey 2010; Minchev et al.
2011; Brunetti et al. 2011). Grand et al. (2012) find that
the spiral arms are co-rotating at all radii in a non-barred
pure N-body disc. As a result, radial migration occurs over
a wide range of radii. The spiral arms focused on in this
paper rotate slightly faster than the mean rotation velocity.
We examine if radial migration still occurs at all radii.
Because the results of the early epoch are the same as
the late epoch, we present the particle motion from the late
epoch only. First, we select a sample of particles around a
given radius of our chosen arm at the t = 1.393 Gyr snapshot
in Fig. 2. In order to focus on star particles that are likely
affected by the spiral arm, the particle sample is selected to
be within the vertical height of |z| < 200 pc and azimuthal
width of 4 kpc centred on highest density point of the arm
i.e. a given radius of the peak line shown in Fig. 8. The radial
thickness of the sample is chosen to be 0.25 kpc to ensure
that a large sample of stars of approximately the same radius
are chosen.
From the selected sample of particles, we compute the
angular momentum change, ∆L, over a period of 80 Myrs
and choose those that exhibit the largest values of |∆L|,
some of which are highlighted by symbols in Fig. 14. As a
fraction of their initial angular momentum, L, this can be
up to as much as |∆L/L| ≃ 50%. Note that the angular
momentum exchanges in this simulation are much stronger
than those of Grand et al. (2012), probably because the spi-
ral arm structure is much more prominent in this barred
spiral galaxy. The radii of the guiding centres of these high
|∆L| particles highlighted in Fig. 14 change significantly i.e.
they migrate radially. We call these strongly migrating par-
ticles 'extreme migrators', and further divide them into two
subcategories: positive extreme migrators and negative ex-
treme migrators for particles that gain and lose their angular
momentum in the sample respectively.
In Fig. 15 we show three successive snapshots during
the migration period of the four extreme migrator samples
highlighted in Fig. 14, each selected around radii of 6, 7,
8 and 9 kpc (positive and negative migrators are denoted
by filled and open symbols respectively, where each type of
symbol corresponds to a specific selection radius of a sam-
ple): 20 Myr before selection (top panel), at selection (mid-
dle panel) and 20 Myr after selection (bottom panel). The
density snapshots for the stellar component are coordinate
transformed from cartesian to polar in order to make the
radial motion of the selected star particles with respect to
the arm clearer. The positive migrators are always seen on
the trailing side of the spiral arm and migrate towards the
outer radii. They are trapped by the potential of the spi-
ral arm, which accelerates them. During migration to outer
radii, instead of passing through the spiral arm they remain
in the vicinity of the arm on the trailing side. Therefore, they
continue to be accelerated until the spiral arm is disrupted.
The negative migrators are particles that migrate towards
the inner radii on the leading side of the spiral arm. They
are decelerated as they become caught in the potential of the
spiral arm, and they continue to decelerate on the leading
side, again until the spiral arm is disrupted. This illustrates
the different systematic motion that occurs on each side of
the spiral arm, which is reminiscent of the behaviour found
in Grand et al. (2012).
The same behaviour is observed at the early epoch as
well. It is remarkable that although the spiral arm at the
early epoch is systematically faster than the mean rotation
velocity, we still observe these systematic migrations of star
particles. This is probably because the pattern speed is not
too different from the rotation velocity, and some star par-
ticles could be in a particular phase of their epicycle motion
such that they are ripe for migration. Further studies of the
orbits of these migrators are required, and will be studied
in a forthcoming paper.
Fig. 9 shows that the spiral arm is not always a strong
single peak structure, owing to the winding and breaking
of the spiral arm as it begins to disappear. The evolving
structure of the spiral arm may affect the degree of radial
migration that occurs over the stages of evolution that span
from formation to destruction. Therefore, we select a new
sample of stars over the whole spiral arm (5−10 kpc radius)
within 2 kpc in the azimuthal direction from the expected
arm position if the arm co-rotates with star particles around
t = 1.034 and t = 1.393 Gyr i.e. the positions of the anchors
shown in Figs. 8 and 10. All selected particles are in the
plane of the disc (|z| < 200 pc) as before. This is done at the
four stages of the spiral arm's evolution: formation, single
peak, double peak and finally destruction. In each case, the
window of migration is 40 Myr, centred at each of these
stages, which in total spans the lifetime of the spiral arm
(∼ 180 and 130 Myr for early and late epoch respectively).
The samples selected at the early epoch are plotted in
the L − ∆L plane in Fig. 16. The largest migration occurs
around the single peak stage when the arm is fully formed,
and less migration occurs after this time when the double
peak at R ∼ 6.5 kpc develops. However, there appears to
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Figure 15. Stellar density distribution plotted in polar coordinates showing the time evolution of four sets of extreme migrators selected
from particle samples around radii of 6, 7, 8 and 9 kpc at the t = 1.393 Gyr snapshot. The symbols correspond to those of Fig. 14.
Azimuth (θ) is expressed in degrees. The particles tend to migrate toward outer radii on the trailing edge of the spiral arm (filled symbols)
and inwards on the leading edge (open symbols).
© 2011 RAS, MNRAS 000, 1–??
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Figure 16. Initial angular momentum, L, as a function of the
change in angular momentum, ∆L, within a 40 Myr window for
samples of star particles located around the spiral arm of the early
epoch. Each panel represents a stage of the spiral arm lifetime.
From top to bottom: formation (centred on t = 0.994 Gyr); fully
formed single peak spiral arm (t = 1.034 Gyr); double peak spiral
arm (t = 1.074 Gyr); breaking (t = 1.114 Gyr). The strongest
migrations occurs at the stage when the arm is fully formed and
single peaked (second panel). At later stages, the migration is
less.
be a lot of negative migration at the stage of formation.
This may be due to the tightly wound arm seen in the t =
0.978 and t = 0.994 Gyr panels in Fig. 8. As seen from the
anchor points, we sample the leading side of this arm and
hence negative migrations are expected. There is also large
migration present at low L, owing to the stronger bar at this
Figure 17. The same as Fig. 16, but at the late epoch of the
weak bar. Each panel represents a stage of the spiral arm lifetime.
From top to bottom: formation (t = 1.353); fully formed single
peak spiral arm (t = 1.393); double peak spiral arm (t = 1.433);
breaking (t = 1.473 Gyr). The trend is similar to that seen in the
early epoch, but without the feature exhibiting large changes in
angular momentum at lower initial angular momentum (seen in
Fig. 16), which are induced by the strong bar.
early epoch. This procedure is repeated for the late epoch,
and shown in Fig. 17. The same conclusions can be drawn for
this weak bar case. As expected, the most migration occurs
at the single peak stage when the arm is fully formed. At
both epochs, significant migration occurs over a large range
of radii. Furthermore, many panels show an obvious 'two-
pronged' structure in the L−direction, one at positive ∆L
and the other at negative ∆L. This is a clear indication
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Figure 18. The energy, E, and angular momentum, L, distribu-
tion of the extreme migrators in Fig. 15 at 20 Myr before (filled
symbols) and 20 Myr after (open symbols) the time step at which
they were selected. Each symbol represents a specific radius of se-
lection corresponding to Fig. 15. The top (bottom) panel shows
the results of the migrators that moved toward the outer (inner)
radii. The solid black line indicates the circular orbit. Units are
arbitrary.
that radial migration occurs at a wide range of radii. The
horizontal features are likely to be caused by a maximum
|∆L| in this short time period for migrating star particles
along spiral arms.
3.3 Angular momentum and energy evolution
In this section, we focus on the angular momentum-energy
evolution at the late epoch only (that of the earlier epoch is
the same). The orbital energy of a star particle can be af-
fected by the gain and loss of angular momentum associated
with radial migration. As in Grand et al. (2012) and follow-
ing Sellwood & Binney (2002), we calculate the energy, E,
and angular momentum, L, of the extreme migrators in Fig.
15 at 20 Myr before and after the time step at which they
were selected (the top and bottom panels in Fig. 15). We
call these two time steps the 'initial' and 'final' time steps
respectively. In Fig. 18 we show the position of the extreme
migrators at the initial (filled symbols) and final (open sym-
bols) time steps for all migrator samples in Fig. 14. The solid
black line indicates the L and E expected for a pure circu-
lar orbit at each radius. This represents the minimum energy
which a star particle can have at a given angular momentum.
We see that the positive migrators (top panel) and negative
migrators (bottom panel) move along the circular velocity
curve in opposite directions to each other. Because they keep
close to the circular velocity curve after migration, their or-
bits must retain their near circularity, and they gain (or lose)
Figure 19. The groups of migrators shown in Fig. 18 are plotted
here in the ∆L - Escatter/Eparticle,tini plane, where Escatter is
the change in the quantity defined by Eparticle,t−Ecirc between
the initial and final time. Eparticle,t is the total particle energy
at a given time and Ecirc is the energy of a test particle of cir-
cular orbit for the given angular momentum (i.e. the minimum
orbital energy allowed). Escatter/Eparticle,tini tells us how much
the star particle has gained or lost random energy as a fraction
of the initial particle energy during the migration process. We
can see the positive (filled symbols) and negative (open symbols)
migrators lie in distinct groups, where the former are cooled and
the latter heated, but only by a small amount.
little random energy and are not scattered into higher en-
ergy orbits (Sellwood & Binney 2002). In other words, their
kinematically cool orbits are largely preserved.
To quantify this, Fig. 19 shows the amount of non-
circular kinetic energy change (normalised to total initial
energy) over the migration period plotted as a function of
the amount of angular momentum change that they have
undergone. Each migrator shows very little scatter during
migration. It appears that each type of migrator is grouped
separately, such that the positive migrators become slightly
cooler, and negative migrators become slightly hotter1 (see
also Grand et al. 2012; Rosˇkar et al. 2011), although this is
less than a few percent of the initial energy.
3.4 Stellar population distribution around spiral
arms
Because we have a gas component forming stars, we can now
make a further test of whether the spiral arms are long-lived
density waves as in spiral density wave theory. The long-
lived, stationary wave theory should predict clear azimuthal
offsets between young star particles of different ages, and
molecular clouds (MCs) that are the seeds of star formation.
The single constant pattern speed predicted by this theory
would mean that inside the co-rotation radius, gas and stars
would be moving faster than the spiral arm feature. Then
gas flows into the spiral arm from behind the arm, and is
compressed into MCs. This leads to star formation. Newly
born stars will then flow through and begin to overtake the
1 This is different from the global heating caused by scattering
from spiral arms (see Fujii et al. 2011).
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Figure 20. Snapshots of the disc at t = 1.034 Gyr (left) and t = 1.393 Gyr (right), showing only star particles of age: t < 50 Myr (blue);
50 < t < 100 Myr (cyan); 100 < t < 200 Myr (red). The yellow line indicates the stellar peak density of the spiral arm.
Figure 21. Histogram of star particles at both early (top row) and late (bottom row) epochs. Particle samples are selected in the 6
to 7 kpc (left column) and 7.5 to 8.5 kpc (right column) radial range. Particles are binned according to their azimuthal offset from the
peak density line shown in Fig. 20. Negative offsets refer to the trailing side of the arm, and positive offsets refer to the leading side. No
systematic offset of stellar ages is apparent.
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arm feature as they age, which naturally leads to a tem-
poral gradient over the spiral arm. Outside of co-rotation,
where material moves slower than the spiral arm feature,
the opposite temporal gradient is expected. Therefore, if we
group star particles around the spiral arm into age bins,
and examine their azimuthal distribution there should be
apparent azimuthal offsets among star particles of different
ages, which would become clearer further from co-rotation.
Dobbs & Bonnell (2008) and Dobbs & Pringle (2010) per-
formed a similar test by embedding a rigidly rotating spiral
potential with a constant pattern speed.
We also analyse the azimuthal distribution of stellar
ages found in our simulated galaxy. Note that although
Dobbs & Pringle (2010) show similar analysis, they do not
explicitly include radiative cooling or star formation, but
assume an isothermal gas. They track the orbit of gas par-
ticles which have experienced the high density state, after
which time the gas particles are tracked as very young stars
(2 − 100 Myr), assuming the gas and stellar dynamics are
similar in this short period. Therefore, our study is differ-
ent and complementary. Fig. 20 shows the distribution of
a young population, tage < 50 Myr (blue); an intermediate
population, 50 < tage < 100 Myr (cyan); and a relatively
older population, 100 < tage < 200 Myr (red).The snap-
shots shown is at t = 1.034 (left) and t = 1.393 (right) Gyr.
Inspection by eye indicates that there is no obvious off-
set between the tracers. To quantify this, we select two sam-
ples of star particles: one between 6 and 7 kpc radius and
the other between 7.5 and 8.5 kpc radius, each within ± 2
kpc from the peak density of the spiral arm in the azimuthal
direction. The angular offset distribution from the peak den-
sity for selected star particles of different ages are shown in
Fig. 21, where the abscissa is azimuth offset angle and the
ordinate is the number fraction of star particles. A negative
angular offset is taken to mean a position behind the spiral
arm, and a positive one means a position in front of the spi-
ral arm. In both cases, no significant offset is seen between
star particles of different ages. Neither case finds any sys-
tematic spatial offset that would be present if the arm was a
Lin-Shu type density wave. It is clear that the distribution
broadens for older star particles, although the peak position
remains about the same. Our results are qualitatively similar
to the results of the flocculent and interacting galaxy cases
in Dobbs & Pringle (2010)2. As we expect, it is completely
different from their fixed pattern speed case.
4 CONCLUSIONS
We have presented three dimensional N-body/SPH simula-
tions of an isolated barred spiral galaxy, and performed a
dynamical analysis of the spiral arms and particles around
the spiral arms, tracing their evolution and the azimuthal
distribution of star particles as a function of age. We come
to the following conclusions:
(i) We find in our simulation that spiral arms are tran-
sient recurring features: we observe the continuous disap-
2 Their barred galaxy case focuses on the stellar distribution
around the bar not the spiral arm, and is therefore not relevant
to our discussion in this section.
pearance of spiral arms and the reappearance of new ones.
This transient nature has always been found in numerical
simulations.
(ii) Our result shows that the pattern speed is decreasing
with radius overall, and may be affected by the presence
of a bar. The un-barred case shows convincing co-rotation
with the rotational velocity. The weak bar case shows slight
departure from rotational velocity at larger radii, and the
stronger bar case shows a systematically faster pattern speed
overall. Although we only studied three arms in this detail,
this indicates that the bar may boost the pattern speed, and
this deserves further study.
(iii) It is demonstrated that despite the differences in pat-
tern speed, each case exhibits the same systematic motion
found in Grand et al. (2012), that leads to strong efficient
migration.
(iv) The spiral arms analysed are shown to develop a dou-
ble peak substructure as it winds and evolves. The break
occurs at the same radius at which the pattern speed kinks.
The amount of radial migration is weaker at this stage and
subsequent stages of the spiral arm evolution, although it
still occurs until the spiral arm disappears. This is valid for
both the weak and strong bar cases.
(v) We quantify the amount of heating or cooling of each
migrator in terms of random energy gained or lost over the
process of migration. It is evident that each positive migra-
tor loses some random energy (cools), while the negative
migrators gain some random energy (heated). For each mi-
grator, it is seen that the amount of heating/cooling is less
than a percent of the total energy of a given particle. Hence
this migration does not contribute significantly to disc heat-
ing. However the cause of this heating and cooling is not
identified (see also Rosˇkar et al. 2011), and is worthy of fur-
ther study.
(vi) We find no offset between the distribution of young
star particles (< 200 Myr) of different ages around the spiral
arm at two different radii. This is consistent with recent ob-
servations of extra-galaxies (Foyle et al. 2011; Ferreras et al.
2012).
This study is a follow-up study to our previous paper
Grand et al. (2012), which focused on pure N-body sim-
ulations of a galaxy with no bar. As in that study, we
have not addressed the mechanism of formation of the spi-
ral arm features thoroughly nor their destruction, although
we gain an insight into how the arm develops a double
peak structure and then breaks. We note that the spiral
arm features here are slightly longer-lived than our N-body
galaxy, which could be because the bar is a powerful driver
of spiral structure (e.g. Sparke & Sellwood 1987; Salo et al.
2010), and may help to maintain the feature for longer
(e.g. Donner & Thomasson 1994 Binney & Tremaine 2008;
Baba et al. 2009, Quillen et al. 2011). We also note that bars
can be even stronger than the strong bar case presented here.
It would be interesting to study the effects of spiral arm pat-
tern speed on radial migration when the bar is much more
prominent.
Again, we find that the spiral arms in this N-body/SPH
barred galaxy are not consistent with the long-lived, rigidly
rotating spiral arms of a classical spiral density wave theory.
On the contrary, the spiral arm pattern speed decreases with
radius and is similar to but slightly faster than the rotation
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velocity of the star particles. However, significant radial mi-
gration over a wide range of radii is repeatedly observed
despite the differences in pattern speed. This suggests the
existence of further criteria for radial migration, which will
be studied in a forthcoming paper. Future studies should
focus on testing this paradigm of the spiral arm with ob-
servations of our own Galaxy and of external galaxies (e.g.
Meidt et al. 2009; Foyle et al. 2011; Speights & Westpfahl
2011; Ferreras et al. 2012), and comparing with simulations.
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